Low-temperature Si thin film transistor (TFT) and its possibility as a new device process are described. Currently, an extensive study is performed in order to realize an advanced system on glass (SoG) by incorporating additional functional devices or circuits. By reducing further the process temperature down to 200 C or below and by improving the fabrication process as an ultra-low temperature polycrystalline Si (U-LTPS), not only liquid crystal display (LCD) but also organic light emitting diode (O-LED) flat panel display (FPD) driven by using polycrystalline Si (poly-Si) TFTs is expected to be mounted on a flexible plastic substrate. Although technical issues to be solved remain for the fabrication of channels, gate insulator etc., it is possible for the Si TFT to be developed into a smart system on plastic for unique applications as well as a functional Si system-on-insulator in a ubiquitous information technology (IT) era.
Introduction
A polycrystalline Si (poly-Si) thin film transistor (TFT) has been developed for a high-resolution liquid crystal display (LCD) panel with a peripheral circuit on glass using low temperature poly-Si (LTPS) process as well as a high temperature poly-Si process, 1) and has a potential for use in a highly functional system on glass (SoG).
2) For the active matrix flat panel display (AM FPD), an organic light emitting diode (O-LED) display of direct emission type has recently been actively reported, as well as a conventional LCD of the indirect emission type. The poly-Si TFT performance can be improved by optimizing an effective excimer laser crystallization (ELC) process. Si TFTs can be realized not only on glass but also on flexible metal or on plastic. To realize a flexible and functional FPD, considerable effort is carried out to reduce further the process temperature and improve the device structure. On the other hand, following a trend of a reducing the voltage related to the decrease in device size and the requirement of a display with a high resolution, a uniformity issue including the TFT reliability becomes important. Advanced TFTs or additional functional devices are also required in the realization of a new application. An optimum TFT structure consisting of a channel, a gate insulator and a source/drain should be considered from the viewpoint of a low-temperature process for an advanced system on panel.
Experimental Methods

Improvements in gate insulator and interface
To obtain a sharp inverted characteristic in a subthreshold region, increasing the oxide capacitance or decreasing the channel thickness, as well as decreasing the effective trap states density, is important.
3) As a result, the controllability of the threshold voltage (V th ) in a low-voltage operation improves. To decrease the trap states density in Si films or at a SiO 2 /Si interface, improving the crystallinity in a Si channel, an introduction of a dense SiO 2 film and terminating hydrogen atoms to the dangling bonds in the Si films are considered. High quality silicon de-oxide films are deposited by chemical vapor deposition (CVD) using highdensity plasma source. A gate oxide film, which is deposited by inductively coupled plasma (ICP) CVD below 200 C, can realize an improved capacitance-voltage (C-V) curve with a high breakdown voltage due to the low interface trap density of a smooth Si/SiO 2 interface and a small number of carrier trapping sites generated by the presence of a small amount of hydrogen in a dense film structure 4) (Fig. 1 ). In the future, a high-k gate insulator, such as Hf/HfO x , is also a candidate 5) for the low-voltage operation of a TFT with a high conductance similar to metal-oxide-semiconductor field-effect-transistors (MOSFETs) in Si LSI.
High quality a-Si film and subsequent ELC
The conduction current in a poly-Si TFT depends not only on the device geometry but also strongly on the carrier mobility related to the crystallinity in the Si channel as well as to the decrease in defect density at grain boundaries. An excimer laser having an UV pulsed beam can heat up only a Si surface or thin Si layer without inducing a thermal damage on the substrate. Notable random grain growth by optimizing the energy condition with multi-shots ELC or excimer laser annealing (ELA) has been reported. [6] [7] [8] [9] A lateral crystallization effect at thermal slope in the Si film is drastic. [10] [11] [12] As the ELC of sufficient energy density melts the Si film, the grain boundary improves and the barrier height decreases, which is the same as those in the case of the film after solid phase crystallization (SPC). The cystallinity of the film after ELC is higher than that of the film after SPC, 13) although the surface smoothness is inferior.
For a low-temperature process of a poly-Si TFT below 200 C, deposition by sputtering 14) is a candidate process in place of plasma enhanced (PE) CVD, which is used conventionally in LTPS. By adopting an rf sputtering technique using Xe gas, an optimized amorphous Si film with low impurity gas content (<0:4%) has been obtained. (Fig. 2) As a result of ELC, large grains of 1 mm have been obtained at room temperature 15) (Fig. 3 ). For the source and drain in the thin Si film, an effective activation process is required. The effective doping results of low resistance have been obtained by ELA 16, 17) (Fig. 4) .
Improvement in TFT on Panel using Low-Temperature Process
A poly-Si TFT is studied for the application of driving circuits for an LCD or O-LED display. Currently, for FPD, a more functional and/or unique application is desired by mounting high-performance TFTs on a panel. By using short-channel TFTs with uniform and high performance characteristics, functional logic circuits shall be mounted on glass. If the process is optimized, a more ideal TFT structure, such as a double (both-sided) gate TFT or FINtype TFT 18) is a candidate for the future AM FPD as well as in Si microelectronics. Mounting an non volatile (N-V) memory on a panel is also expected for a smart panel application using ELA. 19) In the case of a stack-type static random access memory (SRAM) in Si LSI, single-crystalline-Si (x-Si) TFTs with uniform characteristics are required in place of poly-Si TFTs. An x-Si layer of a threedimensional (3D) structure has been realized using ultrahigh vacuum (UHV) CVD and subsequent seeded lateral ELC. 20) On the other hand, a plastic AM FPD panel, which is light and thin, and has a strong robustness, is desired. A typical plastic substrate, such as poly(ether sulphone) (PES) or poly(ethylene telephthalate) (PET) has a small thermal hardness and a large thermal expansion property; thus, a lower temperature process below 200 C is required for TFT fabrication. Furthermore, in general, a direct acid treatment for cleaning must be neglected. As previously described, sputtered amorphous Si film 14, 15) or a micro-polycrystalline Si film by ICP CVD at high plasma density 21) is a candidate process for the ultra-low temperature predeposition of a Si film for a channel, as the amount of hydrogen in the film is fairly low. Thus, promising results for a high-performance TFT on plastic have been reported. [22] [23] [24] [25] In this method, not only the TFT design but also the buffer layer on plastic must also be considered to optimize the U-LTPS process 24, 25) (Figs. 5 and 6). As a flexible substrate, a poly-Si TFT can be fabricated even on metal for a reflective LCD or an O-LED display. On the other hand, transfer process techniques from one temporal substrate to plastic are proposed for panel fabrication. 26) A stable and optimal flexible material with small thermal expansion for a substrate having a modified buffer structure, which endures thermal and chemical damage and is compatible with LTPS, is required.
For a portable cellular phone, a flexible substrate using U-LTPS TFT process, which is highly robust, thin and lightweight, is more advantageous than conventional glass substrate. By mounting the functional circuits, such as a peripheral circuit, the fabrication of a D/A converter (DAC), a memory and even Central Processor Unit (CPU) is expected. Poly-Si TFTs on flexible substrates may serve as smart information terminals between display and telecommunication systems.
Conclusions
An improvement in device performance and a related subject for an advanced Si TFT system were briefly described for a Si TFT on a panel fabricated in the lowtemperature process. Currently, for an AM FPD, a high functionality is expected by mounting additional circuits on insulating panels. A high image quality with low-voltage driving is expected using O-LED, although the requirements of uniformity and stability for the TFT characteristics becomes severe. By overcoming the possible technical problems, the coming SoP era using U-LTPS TFT should be possible. T. NOGUCHI et al.
